Seventeen Indian hepatitis E virus (HEV) isolates
Introduction
Hepatitis E, previously known as enterically transmitted non-A, non-B hepatitis, occurs in epidemic as well as sporadic forms. A large number of hepatitis E epidemics have been reported from India, Nepal, Burma, the former USSR, Pakistan, Mexico, China, Somalia, Ivory Coast, Algeria and other African countries (reviewed by Ramalingaswami & Purcell, 1988 ; Ticehurst, 1991) . Recently, hepatitis E virus (HEV) has been shown to be associated with non-A, -B, -C acute viral hepatitis in a US non-traveller (Kwo et al., 1997) and sporadic Taiwanese patients (Hsieh et al., 1998) . In addition, swine HEV has been described from the USA (Meng et al., 1997) .
HEV is an important cause of sporadic acute viral hepatitis among Indian adults (Arankalle et al., 1993 a) . During epiAuthor for correspondence : Vidya A. Arankalle.
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The GenBank accession numbers of the HEV sequences reported in this paper are AF106870-AF106872, AF107895-AF107909 and AF124406-AF124407. demics, the virus is associated with high mortality among pregnant women (Khuroo et al., 1981) . HEV has also been shown to be responsible for a substantial proportion of sporadic fulminant hepatitis cases among Indian men and nonpregnant women (Arankalle et al., 1995 a) .
HEV is a 27-34 nm, non-enveloped virus, previously classified as a calicivirus but not classified at present. The genome of HEV is a single-stranded, positive-sense, 3h-polyadenylated RNA about 7n5 kb in length. It encodes three open reading frames (ORFs). ORF-1, probably encoding nonstructural proteins, extends about 5 kb from the 5h end and contains the RNA-directed RNA polymerase-and nucleotide triphosphate-binding motifs. This ORF also contains the most hypervariable region of the HEV genome. ORF-2, " 2 kb in length, encodes the capsid protein and contains a consensus signal peptide sequence. ORF-3," 369 bp in length, overlaps ORF-1 and ORF-2 and encodes an immunoreactive epitope. So far, complete nucleotide sequences are available for HEV isolates from Burma (Tam et al., 1991 ; Aye et al., 1993) , Pakistan (Tsarev et al., 1992) , Mexico (Huang et al., 1992) , China (Aye et al., 1993 ; Bi et al., 1993 ; Yin et al., 1994) , India This study (GenBank accession nos X98292, X99441), Nepal (Gouvea et al., 1998) and the swine HEV from the USA (Meng et al., 1997) . In addition, partial sequences have been generated for Indian (Arankalle et al., 1994 ; Panda et al., 1995) , Chinese (Yin et al., 1993) , former USSR (Tsarev et al., 1992 ; Fry et al., 1992) , North African (Chatterjee et al., 1997 ; van Cuyck-Gandre et al., 1997) and Taiwanese isolates (Hsieh et al., 1998) and human HEV from the USA (Schlauder et al., 1997) .
At the National Institute of Virology, Pune, India, we have investigated several outbreaks of waterborne hepatitis. All but one of the outbreaks since 1955 were subsequently shown to be due to HEV (Arankalle et al., 1993 (Arankalle et al., a, 1994 Chobe et al., 1997) . Because hepatitis E is highly endemic in India, it is important to have nucleotide sequence information on as many epidemic and sporadic isolates as possible. We have sequenced the RNA polymerase (RNAP) region of 17 Indian HEV isolates representing seven epidemics (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) and two sporadic cases (1985) . The hypervariable region (HV) was also sequenced from two epidemic and two sporadic isolates (1984) (1985) (1986) (1987) (1988) (1989) (1990) . Isolate Akl-90, which was extensively used by us for monkey experiments and protein expression studies, was also sequenced in ORF-2 and ORF-3. A comprehensive picture of the circulation of HEV genotypes in India over a period of 18 years and comparison with available sequences from other countries is presented here.
Methods
Virus. Acute-phase stool samples collected from serologically confirmed (IgM anti-HEV-positive) epidemic or sporadic hepatitis E cases were used for RT-PCR. A total of 17 stool samples from seven epidemics that occurred over a period of 15 years (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) and two sporadic cases in a family (1985) were analysed. The samples included multiple Internal sense 5h GAC GTG TCC AGG ATC ACC TTC 3' 1.4
Internal antisense 5h ACT CAC TGC AAA GCA CTA TCG AAT C 3' HV region, ORF-1 (463 bases) 2.1 External sense 5h GAT GCC AGT CAG AGC ACT AT 3' 2.2 External antisense 5h GCA AAT CTG GCT ATC GAA 3' 2.3
Internal sense 5h TGT TCT GCC CTA TAC AGG TTT 3' 2.4
Internal antisense 5h TCA ACA TTA GAC GCG TTA AC 3' ORF-2 (1984 bases) 3.1
External sense 5h TGA ATA ACA TGT CTT TTG CT 3' 3.2 External antisense 5h TCA GGG AGC GCG GAA CGC AGA AAT 3' 3.3
Internal sense 5h ATG CGC CCT GGG CCT ATT 3' 3.4
Internal antisense 5h TTA CTA CAA CTC CCG AGT TTT 3' ORF-3 (369 bases) 4.1
External sense 5h TTG GCA TGC TAC AGG CTG TTG CT 3' 4.2 External antisense 5h TAG GTT ATA CTG CCG GCG CAA GAT 3' 4.3
Internal sense 5h ATG AAT AAC ATG TCT TTT GCT 3' 4.4
Internal antisense 5h CCC AAG CTC TAT TAG CGG CGC GGC CCC AGC T 3' O-LAP region (282 bases) 5.1
External sense 5h TGT TGT CTC TCG TGT TTA TGG 3' 5.2
External antisense 5h AGG GCT GAG AAA CAA CCC GGT 3' 5.3
Internal sense 5h TCT CGT GTT TAT GGG GTT TCC CCT 3' 5.4
Internal antisense 5h TCA CCC CAG AAA CCA CCG CCG GAA 3' patients from the same epidemic, i.e. two from Ahmedabad (1976), five from Akluj (1990) and two from Kolhapur (1991) . One isolate, Akl-90, underwent two passages in rhesus monkeys. Bile samples collected from the monkeys at both passage levels were also studied. Table 1 provides details of the HEV isolates analysed in this study. In addition to the published sequences, unpublished sequences were collected from the GenBank database.
PCR. Nested RT-PCR was carried out to amplify two regions of ORF-1 of the HEV genome, (i) RNAP (535 nucleotides) and (ii) the nonstructural HV region (463 nucleotides). Isolates Akl-90, Ahm-84, Pun-85 and passage 2 bile of isolate Akl-90 were amplified in the HV region. In addition, the entire ORF-2 and ORF-3 and an ORF-1\-2\-3 overlapping region (O-LAP, 282 nucleotides) of the Akl-90 isolates were also amplified. Table 2 describes the primers employed for PCR. RNA isolation was carried out by using Trizol reagent (Gibco BRL) according to the manufacturer's instructions. PCR products representing the RNAP, HV and O-LAP regions were purified with mini columns (Qiagen). ORF-2 and ORF-3 PCR products were cloned by using the TA cloning kit (Invitrogen) according to the manufacturer's instructions. Plasmids were purified with the QIAprep spin plasmid kit (Qiagen).
Sequencing. Both strands of column-purified PCR products and plasmid samples were sequenced by using a dye terminator kit (PerkinElmer) and an automatic sequencer.
Phylogenetic analysis. The phylogenetic status of different HEV isolates was assessed by employing programs available in the MEGA software package (Kumar et al., 1993) and PHYLIP version 3.5c (Felsenstein, 1993) . For analysis in MEGA, the Kimura two-parameter and Jukes-Cantor (JC) algorithms were utilized, employing the neighbour-joining (NJ) method. The reliability of different phylogenetic groupings was evaluated by using the bootstrap test (1000 bootstrap replications) available in MEGA. For PHYLIP program-based analysis, the JC and Kimura two-parameter algorithms were used employing the NJ method with or without mid-point rooting. For evaluation of the results obtained, bootstrap analysis was performed (SEQBOOT, 1000 bootstrap replications).
Results

Phylogenetic trees
In order to examine the relationship of HEV isolates from different geographical areas over a period of 18 years (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) , dendrograms based on the sequence analysis of RNAP and HV non-structural regions were constructed employing MEGA and PHYLIP software with different options available in each software. The trees constructed were almost identical, indicating the reliability of the analysis. Therefore, only MEGA-based dendrograms are presented in Figs 1 and 2.
On the basis of the sequences of the RNAP region, three clusters could be identified ( Fig. 1 ) : (I) Asian-African, (II) Mexican and (III) US HEV isolates. The Asian-African branch (I) was further divided into two distinct sub-branches. Subbranch IB included 3\20 Indian isolates (both the isolates from an epidemic at Kolhapur, India, in 1991 and one isolate, Ind-FHF, derived from the liver of an Indian fulminant hepatic failure patient), whereas sub-branch IA was represented by all the remaining Asian isolates and both the African isolates.
Sub-branch IA was further sub-divided into two groups. IA-i included all the African and Burmese isolates (two each), the Nepali isolate and 15\20 Indian isolates, representing single or multiple isolates from epidemics at Akluj (1990) , Madras (1993) , Kolhapur (1981) , Talegaon (1988 ), Hyderabad (1987 , Ahmedabad (1984) and Lonawala (1988) and sporadic isolates (Pune, 1985) . Further, the Indian, Burmese and Nepali isolates grouped together (IA-i-1), whereas the African isolates constituted a separate group (IA-i-2).
The second sub-branch, IA-ii, included both the Indian isolates representing the oldest strain of HEV sequenced so far (Ahmedabad, 1976) , the Tashkent isolate (former USSR, 1986), all the Chinese isolates (1987) (1988) (1989) (1990) ) and the Pakistani isolate (1987) .
The dendrogram based on the sequence analysis of the HV region (Fig. 2 ) demonstrated three distinct branches : (I) Asian-African, (II) Mexican and (III) US isolates. The Asian branch was divided into two sub-branches. Sub-branch IA included all the Asian isolates, whereas IB was represented by both African isolates. Sub-branch IA was further divided into two branches, IA-i, including the Nepali isolate, both the Burmese isolates and 7\8 Indian isolates (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) , and IAii, representing all the Chinese, Pakistani and former USSR isolates and one Indian isolate derived from human liver.
We further compared the available sequences of a 1578 nucleotide fragment of ORF-2 representing the structural gene of HEV (Fig. 3) and the 212 nucleotide O-LAP region (Fig. 4) . ORF-2 analysis showed that the HEV isolates fell into three major groups. Group I was represented by African-Asian isolates while groups II and III comprised Mexican and US isolates, respectively. Within group I, the Asian (IA) and African (IB) isolates formed distinct sub-branches. The Asian isolates further segregated into Indian, Burmese and Nepali isolates (IAi) and Chinese, Pakistani and Ind-FHF isolates (IAii) ; the Ind-FHF isolate constituted a distinct sub-branch of the cluster.
Sequence analysis of the O-LAP region documented the same three major groups of HEV isolates. Group I was divided into two distinct subgroups, i.e. Asian (IA) and African (IB). Within the Asian group, the Indian, Nepali and Burmese isolates (IAi) and Chinese and Pakistani isolates (IAii) formed distinct clusters. Table 3 Table 4 . Since two of the three isolates belonging to ID were not sequenced in other regions, no relevant comparisons with ID were possible. Minimum divergence was noted among sub-genotypes IA and IB (O-LAP region, 94n7p1n41 PNI and ED 0n05p0n01), whereas sub-genotypes IA and IC showed the greatest divergence in the HV region (79n4p0n66 PNI and ED 0n24p0n01).
Genotypes of HEV
The different HEV isolates were grouped into three major genotypes on the basis of nucleotide identity in the RNAP region of the genome (412 nucleotides, positions 4237-4648 of the Burmese strain). The criterion used for defining a 
genotype was similar to that used for poliovirus (Rico-Hesse et al., 1987) or hepatitis A virus (HAV) (Robertson et al., 1992) . We have defined an HEV genotype as a group of viruses having nucleotide divergence of not more than 15 % of the bases in the conserved RNAP region.
Genotype I. This genotype included all the Asian and both the African isolates. We further divided this genotype into four sub-genotypes, the criterion for the classification being approximately 6n0 % nucleotide divergence. Sub-genotype IA included 15\20 Indian isolates, both the Burmese isolates and the Nepali isolate, whereas sub-genotype ID included 3\20 Indian isolates. The same three samples formed a distinct branch of group I (Fig. 1) . All the other Asian isolates constituted sub-genotype IB. Both the African isolates belonged to IC. The mean percentage divergences between various sub-genotypes were : 6n5p0n91 (IA and IB), 6n4p0n6 (IA and IC), 6n8p0n71 (IA and ID), 8n5p0n5 (IB and IC), 6n02p0n77 (IB and ID) and 9n5p0n5 % (IC and ID).
Genotype II. The Mexican isolate belonged to this genotype.
Genotype III. This genotype was represented by the US swine and human isolates.
Molecular epidemiology of HEV
HEV isolates obtained from western and southern parts of India over a period of 18 years were analysed in the RNAP region. The year of isolation of one of the isolates (Ind-FHF) was not known. On the basis of RNAP sequence analysis, most Indian isolates, along with the Nepali and Burmese isolates, formed genotype IA. Within the same genotype, two isolates from the 1991 Kolhapur epidemic and a liver-derived isolate from a fulminant hepatic failure case (Ind-FHF) grouped separately (genotype ID).
Two pairs of epidemic isolates from the same cities, Ahm-76 and Ahm-84 and Kol-81 and Kol-91, obtained after intervals of 8 and 10 years, respectively, were sequenced. Ahm-76 belonged to genotype IB, whereas Ahm-84 belonged to IA. For the Kolhapur isolates, the change was from genotype IA (1981) to ID (1991). However, no major shift from one genotype to other was noted when multiple isolates from the same country were analysed ; for example isolates from India (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) , Burma (1983 Burma ( , 1989 and China (1987 China ( -1990 . No genotypic shift was noted for HEV isolates from North African countries (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) . Thus, genotype I continued to circulate in Asian and African countries during 1976-1994. 
Discussion
In the present study, on the basis of the analysis of the conserved RNAP region of ORF-1, we have classified HEV isolates into three distinct genotypes, the definition of a genotype being similar to those of poliovirus and HAV, i.e. 15 % nucleotide divergence within a single genotype. Interestingly, each genotype represents a distinct geographical region, Africa-Asia (genotype I), Mexico (genotype II) and the USA ( genotype III). For a better understanding of genotypes II and III, it will be necessary to sequence additional isolates from Mexico and the USA. Recent sequencing of several Taiwanese isolates in the 5h region of the genome (ORF-1) identified a novel strain, distinctly different from other known sequences (Hsieh et al., 1998) . Although RNAP sequences are not yet available, it appears that the Taiwanese isolates would form a fourth genotype of HEV. Infection with HEV is rare in European countries and therefore no sequences are available yet. However, sequence analysis of European isolates would indicate possible epidemiological links or the presence of novel genotypes.
Within genotype I (Asian-African), the African isolates formed a distinct sub-genotype. In the RNAP region, the African isolates were more similar to Indian and Burmese isolates than to the isolates from China, Pakistan and the former USSR (Fig. 1) . However, comparison of sequences of the HV region revealed distinct groupings of the Asian and African isolates (Fig. 2) . It may be noted here that RNAP sequences were available for Alg-81 and Chad-83, whereas HV sequences were available for Mor-94-1 and Mor-94-2. To ascertain whether the HV-based African-Asian grouping was due to better differentiation in the HV region or to distinct differences between the Moroccan and other African isolates, a conserved ORF-1\2\3 overlapping region (O-LAP) was compared, for which sequences for all the four African isolates under consideration were available. As evident from Fig. 4 , all the African isolates grouped together, thereby showing that these isolates were closely related to each other and distinctly different from the Asian isolates. The major groupings based on O-LAP sequences were similar to the RNAP-based analysis that formed our basis for HEV genotyping. Interestingly, although partial ORF-2 sequences were available for only one African isolate (Chad-83), comparison of this region gave a distinct branching of group I into Asian and African isolates (Fig. 3) .
Since the majority of the sequences available (36\41) were from the Asian countries, where the disease is highly endemic, further grouping of these isolates was possible. Overall, the Asian isolates segregated into Indian, Nepali and Burmese (IA) and Chinese, Pakistani and former USSR (IB) isolates. Of the 20 Indian isolates analysed, three formed a separate group, distinct from all other Asian isolates (Fig. 1) . Of the remaining 17 isolates, two (Ahm-76-1 and Ahm-76-2) grouped with the isolates from China, Pakistan and the former USSR. Incidentally, these were the oldest HEV isolates sequenced so far. The remaining 15 Indian isolates grouped with the Burmese and Nepali isolates. Both the Indian cities experiencing second HEV outbreaks after gaps of 8 and 10 years showed shifts in the sub-genotypes, i.e. from IA to IB (Ahm-76 to Ahm-84) and from IA to ID (Kol-81 to Kol-91). However, no major shift in the genotypes was noted. Both the Burmese (1982 Burmese ( , 1986 and Chinese (1987 Chinese ( -1990 isolates remained within the same subgenotype.
It is important to note that different HEV isolates grouped in an almost identical manner when sequences of all four regions of the HEV genome were compared (Figs 1-4) . However, although isolate Ind-FHF was placed in genotype I on the basis of all analyses, further grouping of this isolate differed, depending upon the region of the genome under consideration. The HV and ORF-2 analyses placed Ind-FHF as a distinct branch of the Chinese group (Figs 2 & 4) , whereas the O-LAP analysis showed Ind-FHF to represent a distinct branch of the Indian group (Fig. 3) . It may be added here that the two Indian isolates clustering with Ind-FHF to form genotype ID (RNAP-based) were not sequenced in other regions. Further, although all other Indian isolates were from either western or southern parts of India, the exact location of isolation of isolate Ind-FHF is not known.
Taking into consideration the facts that HAV and HEV are both enteric viruses, do not lead to chronic infections and represent a single serotype, it is interesting to note that the comparison of a selected genome region (VP1\2A junction) of 152 HAV isolates resulted in the documentation of seven genotypes of HAV. Of these, three genotypes were represented by three simian HAV isolates, whereas 80 % of the human isolates belonged to genotype A. Interestingly, both human and swine HEV isolates from the USA belonged to the same genotype.
Hepatitis C virus, an RNA virus leading to chronic infection, undergoes rapid mutations even within the same host and the presence of several distinct genotypes is well recognized. Classification based on the sequence analysis of the entire genome or different, smaller parts of the genome results in comparable groupings. This includes the most-highly conserved 5h non-coding region. As far as HEV is concerned, comparison of sequences in the conserved RNAP or most variable HV regions placed isolates in the same genotypes.
In contrast to several other RNA viruses, HEV does not seem to mutate rapidly. Since a good immune response is generally mounted after HEV infection (Arankalle et al., 1994) , the relatively limited genetic variation observed in HEV cannot be attributed to a low level of host immune selection pressure resulting from the low level of host immunity induced by the virus. This is also reflected by the fact that the structural gene (ORF-2) has not changed significantly in countries like India, Burma and China, where the disease is endemic.
Studies conducted so far (Arankalle et al., 1988 (Arankalle et al., , 1993 (Arankalle et al., b, 1994 (Arankalle et al., , 1995 Bradley et al., 1988 ; Pillot et al., 1995 ; indicate that all HEV isolates are immunologically closely related. The amino acid changes associated with individual isolates\strains therefore do not appear to alter the immunoreactivity of various HEV isolates. Evidence of concurrent circulation of more than one genotype of poliovirus was noted in several African countries (Chezzi et al., 1997) , the former USSR (Lipskaya et al., 1995) , China (Zheng et al., 1993) , the Middle East and Pakistan (Mulders et al., 1995) . However, both HAV and HEV genotypes appear to be segregated geographically, indicating sustained circulation in a region. As far as India is concerned, there is a constant circulation of HEV throughout the year leading to sporadic disease, 40 % of the adult population being IgG anti-HEV positive as a result of clinical or subclinical infection with HEV (Arankalle et al., 1995 (Arankalle et al., c, 1998 . Gross contamination of drinking water with faecal material containing HEV leads to epidemics of the disease. Our results document that, despite constant circulation and the presence of a large proportion of the population with IgG anti-HEV, the genome of HEV did not change significantly in India between 1976 and 1993.
